Introduction
Resonance Raman( RR) spectroscopy has long been appliedt o monitoring the molecular dynamics of hemoglobin (Hb). [1] [2] [3] This highly symmetric and chromophoric heme prosthetic group provides strongr esonancee nhancement, especially when in resonancew itht he intense electronic transitions centered at approximately 400 nm (Soret or Bband), 525 nm (Q v or a band), and5 75 nm (Q 0 or b band) [4, 5] (Figure 1 ). When the laser wavelength interacts with heme groups in resonance with electronic transitions of the Soret band, the Aterm scattering mechanism dominates. In A-term scattering, also known as Franck-Condon (FC) scattering, only totally symmetric modes are enhanced. Non-FC dependence of the electronic transition moment on the vibrational coordinate is possible throughB -term and C-term enhancement. [6] When the excitation is in resonance with the weaker Q 0 band at approxiIn general,t he first overtone modes produce weak bands that appear at approximately twicet he wavenumber value of the fundamental transitions in vibrational spectra. Here, we report the existence of as eries of enhanced non-fundamental bands in resonance Raman( RR) spectra recorded for hemoglobin (Hb) inside the highly concentrated heme environment of the red blood cell (RBC) by exciting with a5 14.5 nm laser line. Such bands are most intense when detecting parallel-polarized light. The enhancement is explained through excitonic theory invoking at ype Cs cattering mechanism and bands have been assigned to overtone and combination bands based on symmetry arguments and polarization measurements. By using malaria diagnosis as an example, we demonstrate that combining the non-fundamental and fundamental regionso ft he RR spectrum improves the sensitivity and diagnostic capability of the technique. The discovery will have considerable implications for the ongoing development of Ramans pectroscopy for blood disease diagnoses and monitoring heme perturbation in response to environmental stimuli. mately 575 nm, B-term scattering dominates, [7] which involves vibronic coupling between two allowed excited electronic transitions. Early studies on metalloporphyrins in solution showed that both Q 0 and Q v bands are predominantly governed by the strong Herzberg-Teller coupling of antisymmetricA 2g modes, [8, 9] providing evidenceo fv ibronic coupling. Enhancement with 514.5 and 532 nm excitation laser lines, which are in close proximity to the vibronic Q v band of the visible spectrum of hemoporphyrins, [10] enables the C-term enhancement mechanism to dominate, [11] which occurs between forbidden electronic transitions that are prohibited at the equilibrium geometry of the molecule. [6] As is the case for Q 0 ,R Rs pectra obtained by exciting into the Q v contain polarized, depolarized, and anomalous polarized bands and lead to additional enhancement of non-fundamental modes. [8, 12] The overtones and combination bands in the RR spectra of some metalloporphyrins have previously been reported based on polarization measurements. [13] [14] [15] [16] The use of 514.5 nm excitation gave the strongeste nhancement of non-fundamental bands in porphyrins compared to other excitationl ines, [13] because of C-term scattering.
Previously,t he observation of overtones and combination modes in the RR spectra were attributed to strong electronnuclear coupling in such species. [17, 18] Strong intermolecular coupling was explained by multichromophore interactions that occur in ap rotein reactionc enter. [19] Such interactions were invoked for bacteriochlorophyll where the structural arrangement of the chromophores enables enhancement in the vicinity of the Q v transition. [19] Aq uantitative description of the scattering processes with transform theory was suggested, in which electron-nuclear coupling strengths are proportional to the intensity ratio of the overtone and fundamentalr egion. [17] It was furtherp ostulated that heme proteins such as Hb fall into the category of weak coupling compounds,b ecause the electronic transitions of these compounds are distributed over severaln uclei. [7, 17] Strekasa nd Spiro reported that, although RR spectra sometimesd isplay intense overtone progressions, these are not apparent in the RR spectra of Hb. [20] It is important to note that these early reports were based on what was known from solution-phase studies.
Here, we report the appearance of overtone and combination bands for Hb in red blood cells (RBCs) and crystalline deposits, but not in solutions. This suggests that the structural arrangementofHbinside single RBCs (highlyaligned) may be responsible for as ignificant increase in the non-fundamental modes in the vibronic Q v side band. We demonstrate that by incorporating the non-fundamental region into ap artial leastsquares discriminant analysis (PLS-DA) model improves the diagnostic capability of the Ramant echnique for malaria compared to analyzing the fundamental region alone. Moreover, the bands associated with oxyHb in malaria-infected RBCs can be identified more readily in the non-fundamental region because of the intense overlapping hemozoin bands,w hicho bscure the oxyHb bands in the fundamental region.
Results and Discussion
The most interesting observation drawn from the comparison of the spectra presented in Figure2 is the extraordinary spectral profile in the highers pectralr egion (3200-2300 cm À1 ) Figure 2 . Comparison between average RR spectrac ollected from ten different oxygenated and deoxygenatedR BCs, obtained by using 413.1, 514.5, and 632.8 nm laser wavelengths in the spectral regions of 3300-2200 cm À1 and 1700-600 cm À1 .T he color assignments of the fundamental bands havecorresponding colors for their respective overtones. The intensity of the bands in the 3300-2200 cm À1 have not been scaled or normalized and appear on the same scale as the fundamental region. CHEMPHYSCHEM ARTICLES www.chemphyschem.org when applying 514.5 nm excitation. RR spectra of RBCs in this region obtainedw ith the use of 413.1 and 514.5 nm excitation show bands that are non-typical forp rotein aliphatic and aromatic stretching vibrations. These modes appear hyper-enhanced when using 514.5 nm excitation and many are more intense than their associated fundamentals. Moreover,t his region clearly differs amongst spectra obtained of oxyHb and deoxyHb inside RBCs. The mostc rucial observation is that the most intense bands in the higher wavenumber region, corresponding to the first overtone bands, are directly correlated to the most intense bands in the fundamental region.
The bands in the region of 3100-2800 cm À1 for RR spectra of both oxyHb and deoxyHb obtained with 632.8 nm excitation do not differ in wavenumber values and are typical for CH, CH 2 ,a nd CH 3 groupsofp roteins. [21] Exciting RBCs with 413.1 nm radiation revealed two intense oxidation-state marker bands at 1377a nd 1358 cm À1 in the oxyHb spectrum, whereas in the deoxyHb spectrum,o nly one band with higher intensity (ca. three times higher) at 1358 cm À1 was observed. These fundamentalm arker bands of the oxidation state (n 4 )h ave overtones, which mimic the behavior of their fundamentalc ounterparts. The RR band at 2720 cm À1 was previously assigned to an overtone of the n 4 mode (2 n 4 )f or cytochrome C, [17] measured with 413.1 nm excitation. Therefore, overtones observed at 2710 cm À1 ,w ith as houlder at 2750 cm À1 ,c an be used as marker bands for oxygenatedR BCs (low spin, Fe 3 + ). The observation of the single overtone at 2710 cm À1 with higheri ntensity corresponds to deoxygenated RBCs (high spin, Fe 2 + ). The fact that both ferric and ferrous bands appear in the spectra of oxyHb RBCs indicates that the cell was either only partially oxygenated or some laser induced photodissociation of the oxyHb was occurring. Nonetheless, this highlights the sensitivity of the overtones to oxidation induced perturbation of the heme core.
The excitation of live RBCs with the 514.5 nm laser wavelength resultsi nh ighly intense numerouso vertones compared to 413.1 and 632.8 nm. Parallel (I jj )a nd perpendicular (I ? )p olarization componentse nabled the vibrational assignment of the overtones and combination modes of the most intense fundamental bands (Figure 3) . In the fundamentalr egion of oxyHb and deoxyHb RBCs, the strongest bands are presenti n the spectral region of 1700-1200 cm À1 and, therefore, the overtones or combinations appear in the 3200-2300 cm À1 region. Detailed assignments are shown in Table S1 (in the Supporting Information) based on previouss tudies on model porphyrin compounds. [3, 18, 20, [22] [23] [24] [25] [26] The assigned symmetry speciesf or the non-fundamental modes are based on the work by Kitagawa et al. [13] By symmetry,a ll overtones are assigned to A 1g modes.I nt erms of the intensities of the bands in the spectral region of 3200-2200 cm À1 of RBCs, the parallel (I jj )p olarization component exhibits am uch higheri ntensity than the perpendicular (I ? )p olarization components, indicating the bands observed in the higher region are polarized and are, therefore, assigned to overtones or combination bands of the same symmetry modes, simplifying the band assignment.
The bands characteristico fo xyHb that appear at 1639, 1605, 1587, 1547, and1 473 cm À1 originate from n 10 , n 19 , n 37 , n 11 ,a nd n 3 porphyrin stretching modes, respectively.T he band at around1 640 cm
À1
,a ssigned to n 10 ,m ay be treateda samarker CHEMPHYSCHEM ARTICLES www.chemphyschem.org for oxyHb. [20] The in-plane translocation of the Fe atom in oxyHb causest he intensity of n 10 to increasea nd is typicalf or low-spinH bd erivatives. The overtone of this marker band for oxyHb band is observed at 3277 cm À1 and is not observed in the overtone region of deoxyHb.
The band at 1587 cm À1 ,a ssigned to n 37, is more intense for oxyHb and shifts to 1583 cm À1 in deoxyHb. The shift of approximately 4cm À 1 in the fundamental region increases to as hift of 17 cm À1 between overtones of these two bands for the oxyHb and deoxyHb spectra.M oreover, the intensity of the overtone of the n 37 for oxyHb observed at 3172 cm À1 has am uch higher intensity than the corresponding band in deoxyHb observed at around 3155 cm À1 .F urthermore, the intensity of the overtone at 3172 cm À1 decreases with increasing laser power.O ther bands exhibited similar behavior at higherl aser power,i ndicating photodissociation of oxyHb.I nterestingly this photodissociation could be directly followed by RR spectroscopy in the overtone region as clearly as the fundamental region.
The hyper-enhanced overtone region enables the generation of Raman images of single cells ( Figure S1 ). In this case, a5 32 nm laser confocal-imaging microscope was used to generate the images, as our 514.5 nm microscope system is not set up for imaging and, hence,t he overtones are not quite as intense as they would be at 514.5 nm. Nonetheless, most of the overtone bands still have very strong intensity,e nabling high-contrast images to be generated. This is the first example of aR amani mage based on the integrated intensity from an overtone band for any cell.
7Tod etermine if the intense overtones are observed in other heme species, we investigated the solid-state spectra of an umber of heme derivatives including Hb Ao, hematin, ferric octaethylporphyrins,a nd methylporphyrinc omplexes (Figure S2) . Like RBCs, these molecules also show arich non-fundamental spectrum when exciting with 514.5 nm excitation, indicating that this phenomena is observed for all solid-state hemes. However,t he non-fundamental region fors tandard compounds of hemoglobinA oh as al ower intensity of the overtone and combination bands compared to functional RBCs. The qualitative ratios (I overtone /I fundamental )f or an average oxyHb spectrum obtained from ten different functionalR BCs for the main modes u 10, u 37, u 4, and u 19 are equalt o0 .16, 0.53, 0.95, and 0.5, respectively.T he intensity ratios (I overtone /I fundamental ) for as olids ample of Hb, which was submerged in distilled water and measured with the use of the same immersive objective as RBCs, are equal to 0.14, 0.48, 0.84, and 0.33. Extensive enhancement of the totally symmetric modes was observed with 830 nm excitation in the spectrum of Fe(OEP)Cl (OEP = octaethylporphyrin), well away from the Soret band (~400 nm) where these modes are normally enhanced. The enhancement of totally symmetric modes in the near-IRr egion was attributed to excitonici nteractions occurring in the heme array. [27] It is important to note that even very saturated solutionso f Hb and heme derivatives do not show enhanced non-fundamental modes.T hese modes are only observed in RBCs (where the concentration of Hb is on the order of 22 mm), [28] in crystals, and in amorphous heme aggregates. This indicates that there is an extra enhancement mechanism at play in the case of RBCs,w hich is evident when measuring the parallel polarized light component.
This mechanism may be understood in terms of aggregated enhanced Raman scattering (AERS) where molecular excitons result from the resonance interaction between the excited states of looselyb ound molecular aggregates. [29] AERS has previously been used to explain the dramatic enhancement of fundamental modes observed in the RR spectra of porphyrins, [30] cyano dyes, [31] Hb in RBCs, [32] andh emozoin (malaria pigment). [33, 34] Akins [35] coined the term AERS to describe unusual scattering in small aggregates of covalently linked porphyrin arrays and cyanine dyes absorbed onto surfaces. He proposed at heoretical description and experimentally demonstrated that an increase in the number of aggregated chromophores produces near-resonance of both the Aa nd Bt erms in the polarizabilityt ensor.
Previously,i th as been demonstrated that the orientation of the RBC dictates the type of enhancement pattern observed in the RR spectrum. [36] It appears that the RBC behaves like al ight polarizer,p referentially scattering perpendicular and parallel light depending on the orientation of the cell. Moreover,w e have shown that the UV/Vis spectra of RBCs exhibit shifting and broadening of the Soret band, which is also indicative of excitonic interactions. [32] The fact that the enhancement of both fundamentals and overtones is far more dramatic in as inglec ell than in an isolated crystal of Hb points to ah igh degree of alignment and ordering in the RBC conducive to an excitonic mechanism.
The incorporation of the non-fundamental region into aP LS-DA model allowed us to improve the malaria diagnostic capability of the Ramant echnique. Figure4 presents cross-validation errors for the PLS-DA model performed on functional RBCs containing malaria trophozoites and non-infected RBCs (control), using the whole (Figure 4a )a nd the fundamental region (Figure 4b ). The importance of the non-fundamental region on the discrimination is evident in the variable importance in projection (VIP) scores. [34] AVIP score close to or greater than 1i sc onsidered to be important in the given model.A s can be seen in Figure 4C ,t he hyper-intense non-fundamental region has as trong impact on the model,w ith VIP values higher than those of the fundamental modes,w ith the exception of the strong 1600-1500 cm À1 bands that are mainly associated with porphyrin C=Cstretching modes.
Ac omparison of the RR spectra of hemozoin, the control, and P. falciparum-infected RBCs demonstrates another application of the non-fundamental region. Figure S3 shows that, in the case of malaria-parasite-infected RBCs, the fundamental region of the spectrum is dominated by hemozoin bands, which almost totally obscure the oxyHb bands,w hereas the non-fundamental region of the spectrum is dominated by oxyHb bands. Consequently,i ti sp ossible to obtain information about the relative contribution of hemozoin and oxyHb. It has been reported that the malaria infection leads to ad ecreased2 ,3-biphosphoglycerate (2,3-BPG) concentration, which, in turn, lowers the concentration of oxyHb in bulk-infected RBCs. [37] Our methoda llows the detection of ar elative 
Conclusions
The intensity and richness of the Hb spectrum at 514.5 nm, both in the fundamental and non-fundamental regions,h as the potential to improve the diagnostica nd monitoring capability of Raman-based medical devices, particularly in diseases such as malaria and other hemopathies because the number of extra bands and their intensity will provide am ore detailed molecular fingerprint.
Experimental Section
Fresh blood (20 mL) from healthy volunteers was diluted with cold saline solution (10 mL) and measured as previously described. [32] To prepare the deoxygenated RBCs, the saline solution was equilibrated with gaseous N 2 .T he 3D7 strain of Plasmodium falciparum was used in this study and cultured, essentially, as previously described. [38] Trophozoite-stage parasites were enriched from cultures by Percoll purification, as described previously. [39] The power of the laser at the sample position for all Raman measurements was 0.5 mW,a nd the beam was slightly defocused on the RBCs to prevent localized heating, which prevented photo/ thermal degradation of heme aggregates in RBCs. [32, 38] Raman measurements of the RBCs were recorded by using aR enishaw System 2000 instrument with 632.8, 413.1, and 514.5 nm excitation laser lines. The spectra were recorded in the region of 3500-100 cm À1 with spectral resolution of 1cm À 1 .E ach spectrum was recorded from ad ifferent RBC and one scan was acquired for each cell with al aser exposure time of 10 s. The spectra of oxyHb and deoxyHb from live RBCs were averaged from 20 individual Raman spectra obtained from 20 different cells. Polarization measurements were performed by using 514.5 nm excitation with ap olarizer filter for the parallel component and ac ombination of ap olarizer filter and half-wave plate for the perpendicular component. For single measurements, aw ater-immersive Olympus ( 60/0.90 NA) objective was used. Raman data analysis was performed with Opus and WITec software. The average UV/Vis electronic absorption spectra of oxyHb and deoxyHb were recorded from the 44 mmc ell surface area of ten single functional RBCs in the spectral region of 300-650 nm by using aU V/Vis spectrophotometer (MSP 210 Microscope Spectrometry System, J& MA nalytische Mess-und Regeltechnik GmbH) and a6 0 immersion objective. Ad etailed description of the methods is presented in the Supporting Information.
